The present study focuses on examining the hypothesis that auditory temporal perception deficit is a basic cause for reading disabilities among dyslexics. This hypothesis maintains that reading impairment is caused by a fundamental perceptual deficit in processing rapid auditory or visual stimuli. Since the auditory perception involves a number of mechanisms and temporal processing is only one of them, in the current paper, we tested, in addition to auditory temporal processing, also auditory intensity and spectral processing among dyslexic and normal readers. In addition, we examined whether poor performance of dyslexic readers in auditory temporal processing tasks results from a difficulty in working memory, by testing differences in auditory processing, controlling for working memory.
phonological loop) and visual-and spatial-based information (the visuo-spatial sketchpad), as well as a generating system (the central executive). This latter system integrates the information received through the phonological loop and the visuo-spatial sketchpad with already stored information, while controlling and monitoring attention. According to the hypothesis, the primary function of phonological short-term memory is to support the long-term learning of the phonological structure of the language (Baddeley, Gathercole, & Papagno, 1998; Gathercole, Tiffany, Briscoe, & Thorn, 2005) . Therefore, inadequate short-term memory may cause difficulties in learning the sound structure of new words (Gathercole et al., 2005) . It was hypothesized that dyslexic readers have difficulties in the phonological loop and the central executive, but not in the visuo-spatial sketchpad (Archibald & Gathercole, 2006; Jeffries & Everatt, 2004) . Additional studies have shown that dyslexic readers do have difficulties in working memory as compared with normal readers (Chung, Ho, Chan, Tsang, & Lee, 2010; De Clercq-Quaegebeur, Casalis, Lemaitre, Bourgois, Getto, & Vallée, 2010; Laasonen, Leppämäki, Tani, & Hokkanen, 2009) .
Taking into account these findings, the present study focused on two objectives: The first one is to test whether the shown auditory temporal processing deficit among dyslexic readers is specific to the perception of temporal processing, or whether it reflects a more general deficit in auditory processing which may include spectral and intensity processing as well; The second is that will the deficit in auditory processing exhibited by dyslexic readers be evident also after controlling for working memory. According to the auditory temporal processing deficit theory for dyslexia, we hypothesize that adult dyslexic readers will show deficit relative to normal readers on auditory temporal processing. Furthermore, we posit that the deficit in the auditory temporal processing will be independent of working memory ability. Therefore, we hypothesize poorer performance for dyslexic readers on auditory temporal processing tasks, even when statistically controlling for working memory.
Method Participants
Thirty-seven students diagnosed with dyslexia (23 men, 14 women) and 40 normal adult readers (25 men, 15 women), aged 18 to 35 participated in the study. Diagnosis of dyslexia was based on an official diagnosis from a known diagnostic authority and on a diagnostic battery of reading and phonological tests that approved the initial diagnosis and demonstrated significantly poorer reading ability and phonological awareness among the dyslexic groups (see Table 1 ). The participants were screened for normal hearing and were native Hebrew speaking university or college students. All participants completed all the study battery.
Diagnosing Battery
Reading regular words (Shatil, 1995a) . Hebrew written language has both deep and shallow orthographies. In shallow orthography, the words are dotted creating high spelling-to-sound correspondence, and in deep orthography, the words are undotted, creating a low spelling-to-sound correspondence (Frost, 1994) . In this task, we used reading regular and undotted words (For a detailed explanation about punctuation in Hebrew, see Ram-Tsur, Faust, & Zivotofsky, 2008) . This task was designed to measure the amount of correct words per minute the participant is able to read. The participant was presented with a list of 217 solitary undotted words. The words included low and high frequency words, words with different lengths (three to seven letters), verbs and nouns in different declensions and homographs (i.e., words that can be read differently without punctuation). Each participant was asked to read the words as fast and correct as he can during one minute. The score reflects the number of words per minute the participant read correctly (Shatil, 1995a) . Reading non-words (Shatil, 1995b) . This task was designed to measure the amount of correct words per minute that the participant is able to read. The participant was presented with a list of 86 solitary dotted non-words, creating a high spelling-to-sound correspondence (Frost, 1994) . Each participant was asked to read the words as fast and correct as he can during one minute. The score reflects the number of words per minute the participant read correctly (Shatil, 1995b) .
Phoneme deletion (Share, 1997) . Participants heard 20 Hebrew meaningful words and were instructed to repeat them while omitting one of the phonemes. The place of the omitted phoneme was changed (beginning, middle or end of word), creating different levels of difficulty in performing the task. Accuracy and reaction time were recorded.
Pig Latin (Shatil, 1995c) . Participants heard six Hebrew non-words and were requested to repeat them while pronouncing the first phoneme at the end of the word and adding the vowel /a/. Accuracy and reaction time were recorded.
Spoonerisms (Shatil, 1995d) . Participants heard six Hebrew pairs of words and were instructed to repeat them, while switching the first phoneme of the words. Accuracy and reaction time were recorded.
Backward digit span. Working memory was measured using the WAIS-III (Wechsler Adults Intelligence Scale version III) subtest for backward digit span. In this subtest, the experimenter reads aloud lists of digits at a rate of one digit per second. Immediately after the set of digits had been read, participants were instructed to report back the digits verbally in the reverse order they heard it. Participants received two trials at each set size starting at set size two and working up to set size eight. Testing was terminated when participants were incorrect on both trials of a given set size. The digit backward score was the number of digit backward trials where all digits were reported accurately in the correct reverse order (maximum score of 14) (Wechsler, 1997) . Backward digit span is a subtask of the digit span subtest, and was used as an indicator for working memory (Gathercole & Pickering, 2000) .
Intensity Perception
Absolute threshold. Absolute thresholds of the following tones were measured: 1 kHz pure tone, 15 msec duration; 1 kHz pure tone, 50 msec duration; and 1.8 kHz pure tone,15 msec duration, using a 2-alternative, forced-choice adaptive threshold paradigm and a two-down-one-up criterion (Grimault, Bacon, & Micheyl, 2002; Levitt, 1971) . Three blocks of stimuli were presented to each participant. The first block of stimuli was a practice run. Threshold was computed from the last two blocks. The threshold in each block was calculated as the mean of the last eight out of 10 reversals.
Intensity discrimination. On each trial, participants were presented with a pair of 500 msec duration, 1 kHz pure tones, separated by 100 msec. In each pair, one tone was presented at 40 dB above hearing level (40 dB), and the other tone was presented 0.25 to 12 dB below 40 dB. Participants were required to indicate whether the two tones in each pair were the same or different in intensity. Tone intensity deltas were 0.25, 0.75, 1.5, 2, 4, 6, 8, 10 and 12 dB and were presented randomly 16 times each, for a total of 144 trials. After every 32 trials, participants received a short recess. Percent correct was recorded for each participant for each delta intensity. The experimental session was preceded by a practice session in which stimulus pairs were presented with intensity deltas of 12 dB, 6 dB and 0 dB. The practice stimulus pairs were repeated 16 times each. In the practice session, participants received feedback for each response. No feedback was provided during the experimental session. Threshold was computed as the intensity delta for 50% correct.
Spectral Perception
Spectral TOJ. On each trial, participants were presented with a pair of 15 msec duration 1 kHz (low) and 1.8 kHz (high) tones, presented diotically at an intensity level of 40 dB. Participants were required to indicate the order of presentation of the tones (high-low or low-high). Tone combinations were presented in random order with ISIs of 2, 5, 10, 15, 30, 60, 90, 120 and 240 msec. The order of the presentation of ISIs (inter-stimulus interval) was also random. Each ISI value was repeated 16 times, resulting in a total of 288 trials. After every 32 trials, participants received a short recess. Percent correct was recorded for each participant for each ISI.
To familiarize the participants with the tones, participants were first presented with six 1 kHz (low) tones, then six 1.8 kHz (high) tones. Training then proceeded with 24 trials, 12 to each tone, randomly intermixed. On each trial, the participant was required to identify the sound (low or high) by pressing the correct key. Then, the stimuli were presented again, with no feedback, until the participant met the criterion of 20 correct responses in 24 consecutive trials. Participants were then presented with 16 pairs of stimuli, with an ISI of 240 and 60 msec, for a total of 64 stimulus pairs. Participants were to identify which pattern they heard by pressing the key for the first sound followed by the key for the second sound. Visual feedback was provided on all training trials. No feedback was provided during the experimental session (Ben-Artzi et al., 2005) . Threshold was computed as the ISI that was required for the participant to correctly reproduce the order of the tones in 75% of the trials 1 .
Temporal Perception
Gap detection. On each trial, subjects were presented with a pair of two 50 msec duration, 1 kHz pure tones, separated by a 500 msec ISI. Each pair contained a target tone with a gap of silence that ranged between 1 Only 25 participants (16 dyslexic readers and nine normal readers, χ 2 (1) = 3.77, p = 0.05) had psychometric function eligible for calculating the threshold. Most of the participants' psychometric function was above 75% (11 dyslexic readers and 25 normal readers, χ 2 (1) = 5.44, p < 0.05), but for some of them, it did not reach it (10 dyslexic readers and six normal readers, χ 2 (1) = 1, n.s.). 0.5 msec to 36 msec, and a reference tone with a gap of 0 msec. This procedure of using a gap in both the reference and target tones was adapted in order to prevent judgments based on possible perceived changes in the overall envelope of a tone with a gap versus a tone without gap (Schneider et al., 1994) . Subjects judged which of the two tones contained the gap. Gap durations were 0.5, 1, 2, 4, 8, 12, 18, 24 and 36 msec and were presented randomly 16 times each, for a total of 144 trials. After every 32 trials, subjects received a short recess. Percent correct was recorded for each participant for each ISI. The experimental session was preceded by a practice session participants received stimuli with 36 and 18 msec gaps that were repeated 16 times each. In practice sessions, subjects received feedback for each response. No feedback was provided during the experimental session. Threshold was computed as the gap that was required for correct detection in 75% of the trails.
Dichotic TOJ. On each trial, participants were presented with a pair of 15 msec duration 1.8 kHz tones, presented dichotically, i.e., the first tone to one ear the second tone to the other ear, at an intensity level of 40 dBSL. Participants were required to indicate the order of presentation of the tones (right-left or left-right). Tone combinations were presented in random order with ISIs of 5, 10, 15, 30, 60, 90, 120 and 240 msec. The order of the presentation of ISIs was also random. Each ISI value was repeated 16 times, resulting in a total of 256 trials. After every 32 trials, participants received a short recess. Percent correct was recorded for each participant for each ISI.
To familiarize the participants with the tones, participants were first presented with six tones to one ear, then six tones in the other tone. Training then proceeded with 24 trials, 12 to each ear, randomly intermixed. On each trial, the participant was required to identify the sound location by pressing the correct key. Then, the stimuli were presented again, with no feedback, until the participant met the criterion of 20 correct responses in 24 consecutive trials. Participants then presented with 16 pairs of stimuli, with an ISI of 240 msec and 60 msec, for a total of 64 stimulus pairs. Participants were to identify which pattern they heard by pressing the key for the first sound followed by the key for the second sound. Visual feedback was provided on all training trials. No feedback was provided during the experimental session (Ben-Artzi et al., 2005) . Threshold was computed as the ISI that was required for the participant to correctly reproduce the order of the tones in 75% of the trials.
Apparatus
Hearing sensitivity screening tests for all participants was performed using Danplex DA64 or Maico Hearing Instruments Ltd. MA32 audiometers.
All the psychophysical tasks were presented using a Pentium1 personal computer that controlled the stimulus presentation and recorded responses and response time. All of the auditory stimuli used in the various psychophysical tasks were generated by a sound-generator device (TDT-system II: Tucker-Davis Technologies, Gainesville, FL), and then presented binaurally through TDH-49 headphones. Tasks were programmed using Matlab ™ software version 6.5.
Procedure
The participants performed the study tests in random order, except for the absolute threshold task which was always measured first in order to determine the intensity of the stimuli to be presented in the other psychophysical tasks (40 dB). Before entering the study, the participants were informed regarding the nature of the testing procedure, signed an informed consent and were tested by audiometer for hearing level screening.
Participants were paid 300 NIS (New Israeli Shekel, equivalent to $80 US). The study was approved by the Bar-Ilan University Institutional Review Board.
Results
Means, standard deviations and group differences statistics for all auditory processing tasks and working memory are presented in Table 2 . 
Intensity Processing Tasks
Dyslexic and normal readers were compared on absolute threshold (hearing sensitivity) for 15 msec duration, 1 kHz tones; 50 msec duration, 1 kHz tones; and 15 msec 1.8 kHz tones, and on supra-threshold intensity discrimination, using MANOVA (multivariate analysis of variance). No group effect was found for any of these dependent variables (F (4, 72) = 1.39, n.s., see Table 2 ).
Spectral Processing Task
Since only 25 participants (16 dyslexic readers and 9 normal readers) had psychometric function eligible for calculating the threshold, the ANOVA (analysis of variance) performed only on these participants. A significant group effect was found for spectral TOJ thresholds (see Table 2 ). Spectral TOJ psychometric function for dyslexic and normal readers is shown in Figure 1 .
Temporal Processing Tasks
Dyslexic and normal readers were compared on dichotic TOJ and gap detection thresholds, using MANOVA. Significant group effects were found for both tasks (F (2, 74) = 9.13, p < 0.001, see Table 2 ). Dichotic TOJ and gap detection psychometric functions for dyslexic and normal readers are shown in Figures 2 and 3 , respectively.
Temporal and Spectral Processing Controlling for Working Memory
Dyslexic readers had significantly lower scores on backward digit span than normal readers (see Table 2 ). As the number of participants in the spectral TOJ task was lower than in the other tasks, two separate MANCOVA were carried out between dyslexic and normal readers, one with the spectral TOJ task, and the other with dichotic TOJ and gap detection thresholds as dependent variables, and backward digit span as the covariate. Significant group effects were found both for spectral TOJ thresholds (F (2, 26) = 8.27, p < 0.01) and for dichotic TOJ and gap detection thresholds (F (2, 73) = 6.95, p < 0.01), even when controlling for backward digit span. 
Discussion
In the current study, we aimed to test whether auditory processing deficit will be evident when: (1) testing non-temporal processing; and (2) controlling for working memory. Performance on auditory spectral and temporal processing task was poorer among dyslexic readers, as compared to normal readers, but no difference was found in intensity processing tasks. Dyslexic readers' deficit on auditory temporal and spectral processing was evident even after controlling for working memory.
The data of the current study indicate that adult dyslexic readers exhibit deficit relative to the adult normal readers when the auditory discrimination is based on temporal manipulation, but not when auditory discrimination is based on manipulating stimulus intensity. These results complement a number of earlier findings which reported that adult dyslexics required longer ISIs to reproduce the order of two tones and longer silent periods within a tone to detect the presence of a gap, relative to the normal reader (Ben-Artzi et al., 2005; Chung et al., 2008; Schaffler, Sonntag, Hartnegg, & Fischer, 2004; Tallal, 1980; Tallal & Piercy, 1973a , 1973b Reed, 1989; Van Ingelghem et al., 2001) , and confirm the hypothesis that the main difficulty among dyslexic readers is in the processing of temporal-related auditory stimuli. These results suggest that dyslexic readers exhibit a specific deficit in auditory temporal processing and not a general perceptual deficit in auditory processing.
The findings on the spectral processing task pose a challenge. In accord with the literature, we found that dyslexic readers required longer ISIs in order to reproduce the order of the tones presented (Ben-Artzi et al., 2005; Chung et al., 2008; Reed, 1980; Tallal, 1989; Tallal & Piercy, 1973a , 1973b . Others have also found poor performance among dyslexic readers on frequency discrimination tasks (Ahissar et al., 2000; Boets, Wouters, van Wieringen, & Ghesquière, 2006; Cacace et al., 2000; Kujala et al., 2006) . However, it is not clear whether these findings point to a deficit in temporal or spectral processing. As the performance on these tasks requires the integration of information over time, one might argue that poorer performance reflects auditory temporal processing deficit. In fact, a similar argument was raised regarding the early reports by Tallal and colleagues of auditory temporal deficit in dyslexic readers while using spectral TOJ tasks (Tallal's repetition tests, see Ben-Artzi et al., 2005; Chung et al., 2008; Reed, 1989; Tallal & Piercy, 1973a , 1973b Tallal, 1980) . However, since the tones also differ spectrally, it might be argued that the difficulty in performing this task represents a deficit in spectral processing.
Dyslexic readers that participated in the study performed significantly more poorly on the working memory task. This finding is in line with studies showing poor performance in working memory tasks for dyslexic readers (Banai & Ahissar, 2006; Brambati et al., 2006; Gathercole & Pickering, 2000; Jeffries & Everatt, 2004) . In spite of the differences in working memory, the deficit in auditory temporal processing was evident even after controlling for differences in working memory, suggesting that the deficit in auditory processing is independent of difficulties in working memory. Consequently, the findings of the current study confirm our second hypothesis that dyslexic readers will perform poorly on tasks that require auditory temporal processing, independently from any deficit in working memory. Based on these findings, we conclude that the present study supports the hypothesis that dyslexic readers' deficit in auditory temporal processing is specific to temporal perception, and is not a product of a deficit in working memory, as it had been previously suggested (Ahissar, 2007; Banai & Ahissar, 2004) .
The comparable performance of dyslexic and normal readers on the intensity discrimination task is in accord with the findings of Ahissar et al. (2000) and Kujala et al. (2006) but is inconsistent with Cacace et al. (2000) , Fischer and Hartnegg (2004) and McArthur and Hogben (2001) who found poorer performance of dyslexic readers on this task compared to normal readers. The discrepancy between the different findings might be related to various factors. Firstly, as it was suggested by Mengler, Hogben, Michie, and Bishop (2005) , the studies that found differences in intensity discrimination between dyslexic and normal readers, have also shown large variability among reading impaired participants in their sensitivity to the intensity of the sounds. Consequently, they concluded that the results reporting deficit in auditory intensity processing among dyslexic children should be regarded with caution (Mengler et al., 2005) . Secondly, the inconsistency between the findings could be explained through differences in the age of the participants tested. While the studies which reported no difference between dyslexic and normal readers tested young adults (Ahissar et al., 2000, pp. 18-58; Kujala et al., 2006, pp. 20-41) , the studies who report on lower intensity discrimination among dyslexic readers tested children (Cacace et al., 2000, pp. 9-11; Fischer & Hartnegg, 2004, pp. 7-22; McArthur & Hogben, 2001, pp. 7-9) . This might suggest that the specificity of the temporal processing deficit emerges in adulthood, when other perceptual processes mature. It is important to note that reading ability was poorer among dyslexic readers, both in the current study and in the previous studies that did not find differences in intensity discrimination (Ahissar et al., 2000; Kujala et al., 2006) , suggesting that the presence of deficit in intensity discrimination ability might not be related to reading ability.
In conclusion, the findings of the present study provide further evidence of a specificity of auditory temporal processing among dyslexic readers, rather than a general auditory deficit. Moreover, the findings indicate that the deficit in auditory temporal processing is not a result of deficit in working memory.
